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Abstract. We report a novel experimental technique that measures simultaneously
in three dimensions the trajectories, the translation, and the rotation of finite size
inertial particles together with the turbulent flow. The flow field is analyzed by
tracking the temporal evolution of small fluorescent tracer particles. The inertial
particles consist of a super-absorbent polymer that renders them index and density
matched with water and thus invisible. The particles are marked by inserting at
various locations tracer particles into the polymer. Translation and rotation, as well
as the flow field around the particle are recovered dynamically from the analysis of
the marker and tracer particle trajectories. We apply this technique to study the
dynamics of inertial particles much larger in size (Rp/η ≈ 100) than the Kolmogorov
length scale η in a von Ka´rma´n swirling water flow (Rλ ≈ 400). We show, using
the mixed (particle/fluid) Eulerian second order velocity structure function, that the
interaction zone between the particle and the flow develops in a spherical shell of width
2Rp around the particle of radius Rp. This we interpret as an indication of a wake
induced by the particle. This measurement technique has many additional advantages
that will make it useful to address other problems such as particle collisions, dynamics
of non-spherical solid objects, or even of wet granular matter.
PACS numbers: 47.27.Gs,47.27.Jv,47.80.Cb
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1. Introduction
Particle-laden flows are prevalent in natural and technological flows. For example they
are relevant to warm cloud dynamics [1, 2] with impact on the climate, or to dust and
pollution transport in atmosphere and oceans, or can be found in most technological
processes where matter is mixed in fluids. In the past few years, significant advances
have been made in experimental approaches to particle dynamics in turbulent flows
thanks to the rapid development of visualization based three dimensional measurement
techniques such as Lagrangian Particle Tracking (LPT) [3, 4]. When studying the fluid’s
dynamics with LPT, one has to assure that the particles behave passively and do not
perturb the flow. This goal can be considered reached when the particles are density
matched to the fluid, which avoids buoyant and inertial forces, and when their sizes
are much smaller than the smallest length scale of the velocity gradients in the flow.
Such particles are then called tracer particles. These requirements are very stringent
and can be hard to achieve in some flows, e.g. thermal turbulent convection, where fluid
density changes strongly in the thermal boundary layer [5, 6, 7]; highly turbulent flows,
which exhibit very fast dynamics (fractions of milliseconds) on length scales that reach
micrometers [8] (indeed L/η ∝ Re3/4, where L is the large scale of the flow, η is the
characteristic length-scale of the smallest eddy in the flow, also called the Kolmogorov
length scale, and Re is the Reynolds number of the flow); or in the study of superfluid
turbulence where the normal and superfluid coexist [9]. When the density of the parti-
cles is different from that of the fluid, or the particle size is large, the particles cannot
be regarded as tracers of the fluid and are called inertial particles.
In this paper, we focus on the study of large particles in turbulent flows, i.e.
particles much larger in size than the Kolmogorov length scale η of the flow. The
particles that we consider here have a radius Rp ≈ 100η ≈ 0.1L. Experiments on
two-particle statistics of small and heavy particles can be found in [10, 11]. Most
theoretical and numerical simulations of the complex coupling between the motion of
inertial particles and their carrier fluid rely on simplified equations such as the Maxey-
Riley-Gatignol equation [12, 13]. This equation is only valid for point-like particles and
couples the motion of the particle to the fluid, without any back-reaction of the particle
motion on the flow (one-way coupling). This approach has been proven to be sufficient
to describe the rich dynamics of small and heavy particles [14], but has also found its
limit [10, 15, 16, 17, 18, 19] (even when corrected by the so called Faxe´n corrections)
when considering particles larger than 4η. To go beyond this simplified model, Hohmann
and Bec [20] developed a direct numerical simulation using a dynamical pseudo-
penalisation technique in order to satisfy the non-slip boundary conditions at the surface
of a unique particle evolving in a turbulent flow. This strategy is very promising (as
the one developed in [21], in which the particle is static) but also comes with high
computational cost that currently restricts it to very low Reynolds numbers (Rmaxλ = 72
for [20] and Rmaxλ = 20 for [21], where Rλ is the Reynolds number based on the Taylor
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(a) Side view (b) Top view
Figure 1. Picture of the Von Ka´rma´n water flow. The green sphere at the center of
the apparatus represents the measurement volume.
micro-scale of the flow). Therefore, for the foreseeable future, the investigations on large
particle dynamics in highly turbulent flows must rely heavily on experimental work. Few
experiments such as [22] have been conducted in 2D flows, also 2D studies of 3D flows
based on Particle Imaging Velocimetry can be found in [23], but a complete experimental
3D approach resolving the particles dynamics and the flow has to our knowledge not been
reported. The recent work of Zimmermann et al. [24, 25] has been able to resolve the
full motion (translation and rotation) of single finite-sized particles in a highly turbulent
flow. Here, we present a technique that goes beyond and resolves simultaneously the full
three dimensional motion of the particles together with the turbulent flow field around
it.
2. Experimental setup
In order to generate a highly turbulent flow in a relatively small experiment, we used a
von Ka´rma´n water flow, sometimes nick-named the ”french washing machine” in the lit-
erature (see Fig. 1) [8, 26, 27]. This flow is generated by two counter-rotating propellers
of 28 cm in diameter facing each other. The propellers are driven at the same constant
rotation rate. The turbulence chamber, shaped as a octagonal cylinder, measures 40 cm
along the axis of the propellers and 38 cm in both height (vertical) and width (horizon-
tal) in the cross-section. This apparatus is particularly well suited for LPT studies [8]
since at the geometric center the mean flow velocity is zero. Therefore, at the center
the particle dynamics is mainly driven by the turbulent velocity fluctuations (the large
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Rλ=374± 8
u′ ǫ L η τη Nf
(m/s) (m2/s3) (mm) (µm) (ms) (fr/τη)
0.1 0.011± 4.10−4 93± 4 98± 1 9.5± 0.2 27
Table 1. Parameters of the experiment. u′ is the root-mean-square of the velocity.
ǫ is the energy dissipation rate per unit mass. L ≡ u′3/ǫ is the integral length
scale. η ≡ (ν3/ǫ)1/4 and τη ≡ (ν/ǫ)
1/2 are the Kolmogorov length and time scales,
respectively, where ν is the kinematic viscosity of the fluid. Nf is the frame rate of the
camera, in frames per τη and Rλ = (15u
′L/ν)1/2 is the Taylor scale Reynolds number
of the flow.
scale flow being deterministic‡)[26, 27].
To study the turbulent flow field, we seeded the water flow with red fluorescent
polymer micro-spheres with a diameter of 107 µm and a density of ρtr = 1.05 g/cm
3§.
These particles behave as tracer particles since in our flow the Kolmogorov length scale
is η ≈ 100 µm (see Tab. 1) and the fluid density is ρf = 1 g/cm
3. We measured
three-dimensional particle trajectories with high spatial and temporal resolutions using
LPT [3, 4] with three high-speed CMOS cameras (Phantom V10, manufactured by
Vision Research Inc., Wayne, USA). The particle velocities and accelerations were
then obtained by smoothing and differentiating the trajectories [28]. The measurement
volume of the LPT was determined as the largest sphere that fits inside the complex
volume defined by the intersection of the fields of view from all three cameras and the
expanded laser beam. In this experiment, the sphere was 7 cm in diameter slightly
smaller than the integral length scale L = (9.3 ± 0.4)cm. The frame rate was set to
2.9 kHz with a resolution of 768 × 768 (each pixel corresponds roughly to 100µm in
space). Given the massive amount of data required to conduct this experiment, we used
the weighted averaging algorithm (simple and efficient) to locate the particles onto the
2D images. The number of particles tracked per frame was of the order of 200. In
this configuration, as demonstrated in [3], the 2D particle finding algorithm and 3D
stereoscopic reconstruction processes ensure that the particle positions are recovered
with an accuracy of 0.1 pixels ≈ 10 µm. The relatively low seeding density further
guaranteed that, using a ”3 frames minimum acceleration” scheme [3], we obtained long
and high quality particle tracks.
We measured u′ the velocity fluctuation and determined the energy dissipation
‡ The ratio between the average velocity and the velocity fluctuations τ = 〈ui〉/
√
〈(ui − 〈ui〉)2〉 does
not exceed 25% over the entire measurement volume.
§ These fluorescent particles are hard-dyed (internally-dyed) polymer particles which utilise the Firefli
process to incorporate the dye throughout the polymer matrix. This method produces bright fluorescent
colors, minimises photo-bleaching, and prevents dye leaching into aqueous media. They are made of
polystyrene and are sold by Thermo scientific. Their absorption (emission) wavelength peaks around
542 nm (612 nm).
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(a) (b)
Figure 2. Super-absorbent polymer particles. (a) Once immersed in water and in
their dry form. (b) Beaker full of these particles crossed by a laser beam that is not
refracted. The red luminescent dot in the center of the picture is a marker particle
grafted at the surface of the solid particle (symbolized by the red dots in (a)).
rate per unit mass ǫ from the inertial range scaling of the second-order longitudinal
and transverse Eulerian velocity structure functions from tracking tracer particles. As
explained in details in [10], we also checked the consistency of the value using two exact
inertial range relations: the Kolmogorov’s ”four-fifth law” and a theorem on the velocity-
acceleration mixed structure function [29, 30, 31]. The properties of the turbulent flow
field are summarized in Table 1.
The aim of the investigation was to simultaneously measure the 3D trajectories of
the tracer particles and the full dynamics and trajectories of finite size, inertial parti-
cles. The most straightforward way was for the particles to be invisible in the fluid and
to mark them with tracer particles. This avoided optical distortions and shadowing.
The spherical particles were made of a super-absorbent polymer (poly-acrylate) from
Aqualinos, which in their dry form had a diameter between 1 and 2 mm; once immersed
in water their average diameter grew to 1 cm ≈ L/10 ≈ 100η (see Fig. 2 (a)). Thus the
gel particles were 99.9% water and had almost the same refractive index and density
as water. As shown in Fig. 2 (b) they are indeed almost invisible in water and do not
refract the light path.
In order to be able to observe the big particle’s motion with the cameras, we grafted
their surface with the same fluorescent particles that we used to track the turbulent flow
field. As we will see later, we needed at least 4 of these markers per inertial particle in
order to recover the particle’s center and radius. Therefore, we injected them with 6 to
8 markers, as shown by the red dots in Fig. 2 (a)‖. To achieve this we employed a lancet
needle normally used by diabetics. We dipped it into the tracer particle powder to collect
some of them on its tip and penetrated the surface of the big particle. After removing
the lancet, tracer particles were left behind within the polymer gel. We quantitatively
‖ The regular separation presented on Fig. 2 (a) is not necessary, therefore we do not enforce it.
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checked that the markers were indeed grafted to the big particles by injecting some
of them exactly as depicted in figure 2 (a) thanks to a specifically designed injection
guide. No relative nor absolute displacement could be detected from this well defined
injection pattern. We marked about 150 big particles, which we inserted into the turbu-
lent flow. This particle number was necessary to achieve that statistically, at any given
time, at least one (and no more than two) big particles were in the measurement volume.
The big solid gel-particles were elastically deformable, but the forces (shear and
pressure) applied by the fluid onto them were not sufficient to deform them or trigger
any internal flows (the internal effective viscosity of the gel being much greater than
viscosity of the water). In fact, from measuring marker positions no deformation could
be detected within the experimental uncertainties, while the particles were carried by
the turbulent flow. Therefore, these gel-particle can, for the purpose of this study, be
considered as solid. To prevent the particles from being damaged by the propellers,
we placed grids (of 2 × 2 mm2 mesh size and 75% aperture) in front of both of them
(see Fig. 1). Measurements showed that the influence on the flow was negligible. We
ensured that the measurement volume was sufficiently far from the grid so that the
large particles’ dynamics was not influenced by the meshes. This can be seen from the
following analysis: the viscous relaxation time of the particle is,
τν ≡
1
18
(
ρp
ρf
)
d2p
ν
(1)
where ρp and ρf are respectively the particle and fluid density, dp the particle diameter
and ν the kinematic viscosity of the fluid. This applies only when the particle Reynolds
number (Rep ≡ u
′dp/ν) is very small. Following [32, 33], one can show that the relevant
time scale that takes into account small but finite particle Reynolds number can be
written as:
τp =
τν
1 + 0.132Renp
(2)
where the exponent n also depends on Rep: n = 0.82− 0.05 log10Rep. With ρp/ρf ≈ 1,
dp = 0.01m, ν = 10
−6m/s2, and u′ = 0.1 m/s this time scale is τp = 0.38 s, which yields
Lp = u
′τp = 3.8 cm beyond which the big, inertial particle has reached the fluid veloc-
ity. The minimal distance between the grid and the measurement volume is ≈ 7 cm on
both sides and thus we expect that the particles’ dynamic is not impacted by the screens.
As pointed out before, we were seeding the turbulent flow with two types of
particles: big particles marked by fluorescent tracers and the fluorescent tracers
themselves. When tracking all fluorescent particle tracks where visible simultaneously;
marker particles trapped in the big particles did not change their separation, while
tracer particles would separate quickly.
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3. Identifying the finite-size particles
One very significant advantage of the novel technique presented here is that it allows to
follow two species of particles using only one LPT system. For comparison, Guala et
al. [34] used two LPT systems, which makes such an experiment very demanding. To
identify the two populations of particles we took advantage of the fact that the flow was
highly turbulent. It is well known that tracer particles separate very quickly [35, 10]. In
the contrary markers fixed to the surface of a big particle will stay at a constant distance.
Specifically, two tracer particles initially separated by a distance R0 ≡ |R(t = 0)| in the
inertial range (i.e. η ≪ R0 ≪ L) will separate on average following a ballistic regime
predicted by Batchelor [36] such as:
〈δR · δR〉 =
11C2
3
R20
(
t
t0
)2
(3)
for t ≪ t0 = (R
2
0/ǫ)
1/3, where δR(t) ≡ R(t) − R(t = 0) is the vectorial separation
increment and C2 = 2.1 as suggested from a compilation of available data [37].
3.1. Finding pairs of tracks
The first step is to find pairs of fluorescent particles tracks whose distance to each
other stays constant during the time of observation. As the fluorescent markers are
embedded in the particles with radius Rp, we scan only for tracks whose separations
are 0.05 < Rt/Rp < 2(here Rp = 8 mm). The lower bound comes from the fluorescent
particles injection process that we used. Additionally, to limit possible false choices,
we only conduct this analysis on pairs of tracks that coexist for longer than 2τη.
This is the characteristic time-scale after which the acceleration components of a
fluid particle decorrelated entirely [8]. To estimate the tolerance on the separation
increments, we have used Equ. 3 with R0 = 0.05Rp, t = 2τη and ǫ = 0.011 m
2/s3 which
gave us
√
〈δR2〉 ≈ 0.1Rp. In the analysis presented here we used a slightly tighter
criterion:
√
〈δR2〉 < 0.01Rp, that corresponds approximately to our spatial resolution
(100 µm/pixels).
3.2. Finding groups
To ease the explanations, two tracks that were paired by the algorithm described above
(section 3.1) are now called ”friends”. We can now identify the fluorescent particle
tracks that belong to a unique inertial particle. To do so we simply apply the adage
”the friend of a friend is my friend”. This allows to generate groups of tracks that trace
the inertial particles’ motion. By additionally imposing that at least four tracks coexist
for more than 2τη we exclude optical artifacts. Such a group is presented on Fig. 3 (b).
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CL
CR
(a) (b) (c)
(d)
Figure 3. Track reconnection inside the groups. (a) Definition of the search volume
for possible track reconnection. (b) Group before reconnection. (c) Group after
reconnection. (d) Probability density function of the track length within the groups,
before and after reconnection.
3.3. Track reconnection inside the groups
As one can see from Fig. 3 (b), the tracks that belong to a group occur in short
segments. This can be attributed to limitations of the experiment, which include
variations of the illumination intensity, particles blocking the line of sight of the cameras,
particles blocking the illumination beam (shadowing), the presence of light-insensitive
circuits on the CMOS sensors of the cameras, and the effect of thermal, electronic and
environmental noise (see [4]). To reconnect the tracks we use an algorithm similar
to that developed by Haitao Xu at the Max Planck Institute for Dynamics and Self-
Organization [4]. Within a group, at the end of each track, we define a cylindrical
search volume, parametrized by its length CL, its radius CR and its axis oriented along
V1 (the velocity at the end of the track-segment). In Fig. 3 (a) such a cylinder is shown
exemplarily in green. Tracks of the group that have their starting point within this search
volume are considered potential re-connection candidates (track 2 on Fig. 3 (a)). Then
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for each candidate, we compute the linear interpolation of the trajectory and compare
the beginning and ending interpolated velocities (resp. V3 and V4 on Fig. 3 (a)) to the
actual measured ones (resp. V1 and V2 on Fig. 3 (a)). If the beginning and ending
relative velocity differences are smaller than a tolerance CT (e.g. |V3−V1|/|V1| < CT )
we consider these as a possible reconnection. If there are several candidates, we re-
connect the best match. We remind the reader that we are working within a group
obtained by the previous step (section 3.2), that is to say a very small amount of
tracks compared to the work in [4]. In our experiments, we found that CR = 0.5 mm,
CL = 30 mm and CT = 0.5 give satisfactory results. For example, we present the result
of this reconnection process on a particular group in Fig. 3 (c), and its statistical effect
on several measurements in Fig. 3 (d) (please note that this more than doubles average
track length inside the groups).
3.4. Cleaning the groups
The process described above is not error-proof. Indeed, while scanning examples of
groups by eye we could identify wrong tracks. We therefore developed the ”group
cleaning” technique. In this step, we scan each group and we keep only tracks that
have more than three direct ”friends” as defined in section 3.1. We use the same
parameters except that we relax the constraint on the maximal separation increment
to
√
〈δR2〉 < 0.07Rp. This we can do as the data was already connected by linear
interpolation.
3.5. Concluding remarks on the particle tracking procedure
As shown by Fig. 4 we can now separate the two populations of fluorescent particles.
In this process, as discussed above, we interpolate trajectories (section 3.3) solely to
connect tracks. These interpolated data points need to be excluded when statistics of
the fluid velocity, or vorticity along tracks is considered. We would also like to note that
an inspection by eye of ≈ 5000 groups did show the procedure described above works
only well, when only one inertial particle is in the measurement volume at any given
time. We therefore discarded manually the rare cases where two or more particles (some
colliding) were in view. This did not limit the statistics significantly. In the future it
will be not hard to modify the algorithm to include this automatically.
4. Translation of the finite size particle
Here, we describe how we extract the center position xc and radius Rp of the big inertial
particles for each group identified by the procedure described in section 3. These groups
have a minimum of four marker-trajectories. As described above, our injection technique
ensured reproducible and well defined penetration depth into the inertial particle. The
injection was such that the markers were inserted not more than 0.5 mm from the
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(a) (b)
Figure 4. Result of the process described in section 3 on a 3 s movie. (a) All
the trajectories of the fluorescent particles; (b) Same data set in light blue. The
red trajectories correspond to the fluorescent particles bounded to the surface of the
super-absorbent polymer spheres identified by the procedure described in section 3.
polymer surface. The center position xc and radius Rp of the inertial particle is entirely
defined by the sphere equation:
(xi − xc)
2 + (yi − yc)
2 + (zi − zc)
2 = R2p (4)
where (xi; yi; zi) are the i-th marker’s 3D-coordinates. For each permutation of four of
these markers, one gets the following linear system:
P · (A B C D)T = Tr(X ·XT ) (5)
with
P ≡

−1 x1 y1 z1
−1 x2 y2 z2
−1 x3 y3 z3
−1 x4 y4 z4
 X ≡

x1 y1 z1
x2 y2 z2
x3 y3 z3
x4 y4 z4
 (6)
and A ≡ x2c+y
2
c+z
2
c−R
2, B ≡ −2xc, C ≡ −2yc and D ≡ −2zc. Let us consider a group
that contains n ≥ 4 markers trajectories at a given time t, the number of permutations
of 4 trajectories out of n is M = n!
4!(n−4)! =
(
n
4
)
. Therefore, at each time step, we solve
M times the linear system given by Equ. 5. We define xc,m(t) the center coordinates
obtained by the m-th permutation and dm(t) =
∑4
i=1
∑4
j=i+1 |xi,m(t)−xj,m(t)| the sum
of the distances between the markers. To define the actual center coordinates of the
inertial particles, we perform an average of xc,m(t) weighted by dm(t):
xc(t) =
M∑
m=1
xc,m(t)dm(t)/
M∑
m=1
dm(t). (7)
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We have made this choice as to correct for a non-homogeneous distribution of the
markers on the inertial particle’s surface. Indeed, four markers homogeneously
distributed around the sphere define a center position and a radius more accurately
than four agglomerated points.
(a)
0
0.1
-0.1
0.2
-0.2
(b)
Figure 5. Results of the center finding process for one example group. (a) Trajectories
(thin lines) identified to belong to the particle and the center (thick green line). (b)
Radius (bold black line) and the distances from the center to each trajectory (solid
lines) for the tracking time of the particle. In this specific case, the particle was tracked
for 1115 frames = 41.3 τη ≈ 0.4s). The inset at the bottom shows the 3 coordinates of
particle center xc subtracted by its filtered version (Gaussian kernel of σ = 3.5 frames)
x˜c, in [mm].
The result of the center finding process on a particular group is shown on Fig. 5 (a),
together with the radius of the inertial particle R(t), and the distances from the center
position to the markers of this group ri(t) = |xi(t)−xc(t)| in Fig. 5 (b). The latter shows
that we are able to measure the particle radius with an uncertainty of ±200µm, which
corresponds to the uncertainty of the fluorescent marker insertion. We also observed
that R(t) exhibits unrealistic rapid variations when a marker track appear or disappear
from the group (around frames 200, 350, 800 and 900). These kinks are non-physical
and result from the uncertainty of the marker position inside the inertial particle.
Just as for tracer particles [28], we measured the velocity of inertial particles from the
center trajectory by convolving with a properly normalized, truncated, differentiating
Gaussian smoothing kernel. The characteristic time scale of the filter was chosen as
σ = 3.5 frames = 0.13τη sufficient to minimize the effect of noise on the tracer particles’
acceleration variance. At the kinks observed in the center position of the big particles
xc(t) (Fig. 5 (b)) the values of the velocities were very large, discontinuous, and thus
unphysical. We flagged and excluded those from the analysis together with 2σ = 7
frames before and after those discontinuities.
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5. Rotation of the inertial particle
To measure the rotation of the inertial particles, we used the center position together
with the trajectories of the markers around the center of the sphere. To do so, we took
advantage of an algorithm first introduced by W. Kabsch [38, 39] that was developed
to compare molecular conformations in chemistry. This algorithm seeks the optimal
rotation matrix U between two sets of points by minimizing the root mean square of
their separation.
Let us consider two sets x and y of N paired points that have the same centroid at the
origin. We are looking for the 3 × 3 unitary matrix U that aligns best x with y. This
can be achieved by minimizing the root mean squared:
D =
[
1
N
N∑
i=1
(Uxi − yi)
2
]1/2
(8)
That can be rewritten as:
ND2 =
N∑
i=1
[(Uxi)
2 + y2i − 2Uxiyi] (9)
where one can see that minimizing the left hand side is equivalent to maximize the
negative term on the right hand side. If we represent the points of set x (resp. y) by a
N × 3 matrix X (resp. Y ), the quantity to maximize is:
N∑
i=1
Uxiyi = Tr(Y
TUX) = Tr((XY T )U) (10)
where XY T is a square 3 × 3 matrix, that can be rewritten using its singular value
decomposition (SVD) as XY T = V SW T . V and W T are orthogonal matrices of the
left and right eigenvectors of XY T and S is a diagonal 3 × 3 matrix containing the
eigenvalues s1 ≥ s2 ≥ s3. Using the commutation properties of the trace operator,
Equ. 10 can be rewritten as:
Tr(V SW TU) = Tr(SW TUV ) =
3∑
i=1
siTii (11)
where T = W TUV is a product of orthogonal matrices and itself an orthogonal matrix
with det(T ) = ±1. Therefore each elements of T are equal or smaller than 1. Thus to
maximize Eq. 11, T has to be the identity matrix T = I.
The last constraint that we have to consider is that
U = WTV T (12)
has to be a proper rotation matrix with det(U) = 1 (rows/columns of U have to form
a right handed system) [40]. For det(XY T ) > 0, it follows that det(U) = 1, but when
det(XY T ) < 0, det(U) = −1. In the later case, one has to settle for the second largest
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value of Eq. 11. This value is obtained when T33 = −1 since s1 ≥ s2 ≥ s3. This finally
allows us to write the optimal rotation matrix U as
U = W
 1 0 00 1 0
0 0 d
V T , (13)
where d = sign(det(XY T )).
When applying this algorithm to our data, we constructed the N × 3 matrices
Xni = xni(t) − xc,i(t) and Yni = xni(t + ∆t) − xc,i(t + ∆t), where xni are the position
components of the n-th marker trajectory that existed at times t and t + ∆t (∆t is
equal to the acquisition time). By construction for each group N ≥ 4 (see section 3)
thus ensuring a proper rotation matrix. Then for each time steps, we computed the
covariance matrix C = XY T , its SVD C = V SW T and the sign of its determinant
d = sign(det(C)). Next, we applied Equ. 13 to obtain the optimal rotation matrix U .
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Figure 6. (a) Reduced probability density function of the rotation rate component of
the inertial particle (the different symbols corresponds to the 3 components ωx, ωy, ωz).
The dashed line corresponds to a stretched exponential function. (b) 3D visualization
of the inertial particle trajectory together with the tracer particles around it. The
colors encode the velocities of the particles, warm colors indicate fast particles and
cold ones low velocity particles.
From the rotation matrix, one can extract the rotation vector or the Euler angles
and compute the rotation rate of the inertial particle ω. One can estimate an uncer-
tainty of about 5% on the components of ω from the analysis of the residuals of the
least square optimisation described above. Figure 6 (a) shows the measured probabil-
ity density function of the components for the rotation of the inertial particle. This
distribution is non Gaussian and can be described by a stretched exponential function
P (x) = exp(3s
2/2)
4
√
3
[
1− erf
(
ln(|x/√3|)+2s2√
2s
)]
with a best fit parameter s = 0.55. Zimmer-
mann et al. [24] used the same functional form with s = 0.45 which is in good agreement
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with our results.
As shown in Fig. 6 (b), we measured simultaneously the full motion of a finite size
particle, translation and rotation, and the highly turbulent flow field from tracer particle
tracking. This method thus allows us to study experimentally the interactions between
the particle and the flow.
6. Particle flow correlation
This novel measurement technique is particularly well suited to study particle fluid
correlation. The quantity that we want to study here is the second moment of the
longitudinal velocity difference between the inertial particle and the flow, also called the
mixed (particle/flow) Eulerian second order longitudinal velocity structure function:
DmixLL (r) = 〈[(vp(0)− vf (r)) · rˆ]
2〉 (14)
where vp and vf are the inertial particle and fluid velocity vectors, and r is the separation
vector between the center of the inertial particle and the tracer particle considered
(rˆ = r/|r|). In general, this quantity depends on the position of the particle and on the
separation vector r. Here however, we measured at the center of a von Ka´rma´n mixer,
where the flow is fairly homogeneous and isotropic, therefore one can assume that DmixLL
is only a function of r. Additionally, given the symmetries of the system, we averaged
the data azimuthally around vp axis, where we expect rotational invariance.
In order to quantify the influence of the inertial particle on the turbulent flow field,
we have normalized DmixLL by its expected value D
flow
LL in the case of a point-like particle
(a tracer/fluid particle since ρp/ρf ≈ 1):
DˆmixLL = D
mix
LL /D
flow
LL = D
mix
LL /C2(ǫr)
2/3 (15)
where DflowLL = C2(ǫr)
2/3 is the second order longitudinal velocity structure function of
a homogeneous and isotropic turbulent flow (neglecting intermittency corrections) for
separations r in the inertial range (η ≪ r ≪ L).
DˆmixLL is shown in Fig. 7. The statistical convergence of this quantity, obtained by
binning the space around the big particle, was checked by splitting the dataset in two
sub-samples, leading to the same conclusions detailed hereafter. First, one can see that
both limits r = Rp and r −→ ∞ are consistent with what we would expect. Indeed,
DˆmixLL (r = Rp) = 0 simply means that no fluid is entering or exiting the solid particle,
and DˆmixLL (r −→ ∞) = 1 shows that the particle/flow interaction occurs locally. We
can identify a spherical shell of radius 1 < r/Rp < 3, where the correlation between
the inertial particle and the flow is greatly enhanced. The numerical results by Naso et
al. [21] are in good agreement with our experimental observations. Furthermore, beyond
an isotropic spherical shell of distance Rp from the surface of the inertial particle we
observed a weak anisotropy with respect to the particle direction. This could indicate
the presence of a wake induced by the particle.
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Figure 7. Normalized mixed longitudinal 2nd-order Eulerian velocity structure
function DˆmixLL . Dˆ
mix
LL as a function of the relative separation distance r/Rp (where Rp
is the particle’s radius) and θ being the angle between the separation vector r and the
velocity vector of the ball vp. The orientation of vp is shown by the grey arrow (with
an arbitrary length). The grey circle in the middle of the map symbolizes the inertial
particle. Assuming axis-symmetry around the velocity axis of the particle, the lower
half is a reproduction of the upper half mirrored on the center line. The black dashed
lines show the separations r = 2Rp, 3Rp, 4Rp, 5Rp.
7. Conclusion and perspectives
The main advantages of this new measurement technique are:
(i) it requires nothing more than the usual equipment used for ”standard” LPT or
Tomo-PIV (3 or 4 fast cameras and a light source);
(ii) it allows to follow in three dimensions the full dynamics (translation and rotation)
of a solid body (here a spherical particle) together with the flow field carrying it;
(iii) the solid object, being made out of super-absorbent polymer, has the same index
of refraction as the fluid which makes it invisible and therefore it does not block
the fields of view of the cameras (no shadowing effects);
(iv) the geometry of the solid object is recovered during the acquisition (in this case the
particle radius Rp) and could be studied dynamically;
(v) several solid objects can be followed simultaneously in the measurement volume.
This list demonstrates the capabilities of this novel measurement technique. Here
we applied it to the dynamics of big inertial particles in turbulent flows (see section 6)
and identified the zone of interaction between the particles and the flow. Other questions
that can be addressed are, for example, the study of collisions of particles with equal and
different particle sizes, and the dynamics of non-spherical objects in turbulent flows. At
high particle number density this technique can also be used to investigate the dynamics
of wet granular matter and of the flow between the grains.
3D Full dynamic of finite size particles together with the carrier turbulent flow field. 17
Acknowledgments
We are very grateful to Haitao Xu for his many important contributions to the techniques
used in this investigation. We thank J. -F. Pinton, A. Pumir and R. Zimmermann for
helpful discussions. Support from COST Action MP0806 is kindly acknowledged. This
work was funded generously by the Max Planck Society and the Marie Curie Fellowship,
Program PEOPLE - Call FP7-PEOPLE-IEF-2008 Proposal No 237521.
References
[1] G Falkovich, A Fouxon, and M G Stepanov. Acceleration of rain initiation by cloud turbulence.
Nature, 419:151–154, 2002.
[2] R A Shaw. Particle-turbulence interactions in atmospheric clouds. Ann. Rev. Fluid Mech., 35:183–
227, 2003.
[3] N T Ouellette, H Xu, and E Bodenschatz. A quantitative study of three-dimensional lagrangian
particle tracking algorithms. Exp. Fluids, 40:301–313, 2006.
[4] H Xu. Tracking lagrangian trajectories in position-velocity space. Meas. Sci. Technol.,
19(7):075105, 2008.
[5] C Sun, Y H Cheung, and K Q Xia. Experimental studies of the viscous boundary layer properties
in turbulent Rayleigh-Be´nard convection. J. Fluid Mech., 605:79–113, 2008.
[6] M Gibert, H Pabiou, J C Tisserand, B Gertjerenken, B Castaing, and F Chilla´. Heat convection
in a vertical channel: Plumes versus turbulent diffusion. Phys. Fluids, 21(3):035109, 2009.
[7] Y Gasteuil, W Shew, M Gibert, F Chilla´, B Castaing, and J F Pinton. Lagrangian temperature,
velocity and local heat flux measurement in Rayleigh-Benard convection. Phys. Rev. Lett.,
99:234302, 2007.
[8] GA Voth et al. Measurement of particle accelerations in fully developed turbulence. J. Fluid
Mech., 469:121–160, 2002.
[9] G P Bewley, K R Sreenivasan, and D P Lathrop. Particles for tracing turbulent liquid helium.
Exp. Fluids, 44(6):887–896, 2008.
[10] M Gibert, H Xu, and E Bodenschatz. Inertial effects on two-particle separation in a turbulent
flows. Europhys. Lett., 90(6):64005, 2010.
[11] M Gibert, H Xu, and E Bodenschatz. Where do small, weakly inertial particles go in a turbulent
flow? J. Fluid Mech., 698:160–167, 2012.
[12] M Maxey and J Riley. Equation of motion for a small rigid sphere in a nonuniform flow. Phys.
Fluids, 26:883–889, 1983.
[13] R Gatignol. The faxen formulas for a rigid particle in an unsteady non-uniform stokes-flow. J.
Mec. Theor. Appl., 2(2):143–160, 1983.
[14] F Toschi and E Bodenschatz. Lagrangian properties of particles in turbulence. Ann. Rev. Fluid
Mech., 41:375–404, 2009.
[15] N Qureshi, M Bourgoin, C Baudet, and A Cartellier. Turbulent transport of material particles:
An experimental study of finite size effects. Phys. Rev. Lett., 99:184502, 2007.
[16] N M Qureshi et al. Euro. Phys. J. B, 66(4):531–536, 2008.
[17] R Volk, N Mordant, G Verhille, and J F Pinton. Laser doppler measurement of inertial particle
and bubble accelerations in turbulence. Europhys. Lett., 81:34002, 2008.
[18] E Calzavarini, R Volk, M Bourgoin, E Leveque, J F Pinton, and F Toschi. Acceleration statistics
of finite-sized particles in turbulent flow: the role of Faxen forces. J. Fluid Mech., 630:179–189,
2009.
[19] J M Mercado, V N Prakash, Y Tagawa, C Sun, and D Lohse. Lagrangian statistics of light particles
in turbulence. Phys. Fluids, 24(5):055106, 2012.
3D Full dynamic of finite size particles together with the carrier turbulent flow field. 18
[20] H Homann and J Bec. Finite-size effects in the dynamics of neutrally buoyant particles in turbulent
flow. J. Fluid Mech., 651:81–91, 2010.
[21] A Naso and A Prosperetti. The interaction between a solid particle and a turbulent flow. New
J. Phys., 12:033040, 2010.
[22] N T Ouellette, P J J O’Malley, and J P Gollub. Transport of Finite-Sized Particles in Chaotic
Flow. Phys. Rev. Lett., 101(17):174504, 2008.
[23] C Poelma, J Westerweel, and G Ooms. Particle-fluid interactions in grid-generated turbulence.
J. Fluid Mech., 589:315–351, 2007.
[24] R Zimmermann, Y Gasteuil, M Bourgoin, R Volk, A Pumir, and J F Pinton. Rotational
Intermittency and Turbulence Induced Lift Experienced by Large Particles in a Turbulent Flow.
Phys. Rev. Lett., 106(1):154501, 2011.
[25] R Zimmermann, Y Gasteuil, M Bourgoin, R Volk, A Pumir, and J F Pinton. Tracking the
dynamics of translation and absolute orientation of a sphere in a turbulent flow. Review Of
Scientific Instruments, 82(3):3906, 2011.
[26] L Marie´ and F Daviaud. Experimental measurement of the scale-by-scale momentum transport
budget in a turbulent shear flow. Phys. Fluids, 16:457–461, 2007.
[27] P P Cortet, P Diribarne, R Monchaux, A Chiffaudel, F Daviaud, and B Dubrulle. Normalized
kinetic energy as a hydrodynamical global quantity for inhomogeneous anisotropic turbulence.
Phys. Fluids, 21:025104, 2009.
[28] N Mordant, AM Crawford, and E Bodenschatz. Experimental lagrangian acceleration probability
density function measurement. Physica D, 193:245–251, 2004.
[29] J Mann, S Ott, and J S Andersen. Experimental study of relative, turbulent diffusion. Technical
Report No. Risø–R–1036(EN) http://www.risoe.dk/rispubl/VEA/ris-r-1036.htm, 1999.
[30] A Pumir, B Shraiman, and M Chertkov. The lagrangian view of energy transfer in turbulent flow.
Europhys. Lett., 56(3):379–385, 2001.
[31] R J Hill. Opportunities for use of exact statistical equations. Journal Of Turbulence, 7(43):1–13,
2006.
[32] R Clift, J R Grace, and M E Weber. Bubbles, drops, and particles. Academic Press, New York,
NY, 1978.
[33] H Xu and E Bodenschatz. Motion of inertial particles with size larger than kolmogorov scale in
turbulent flows. Physica D, 237:2095–2100, 2008.
[34] M Guala, A Liberzon, K Hoyer, A Tsinober, and W Kinzelbach. Experimental study on clustering
of large particles in homogeneous turbulent flow. J. Turbul., 9(34):1–20, 2008.
[35] M Bourgoin, N T Ouellette, H Xu, J Berg, and E Bodenschatz. The role of pair dispersion in
turbulent flow. Science, 311:835–838, 2006.
[36] G K Batchelor. The application of the similarity theory of turbulence to atmospheric diffusion.
Q. J. R. Meteor. Soc., 76:133–146, 1950.
[37] K R Sreenivasan. On the universality of the Kolmogorov constant. Phys. Fluids, 7:2778–2784,
1995.
[38] W Kabsch. A solution for the best rotation to relate two sets of vectors. Acta Crystallographica
Section A: Crystal Physics, 32:922–923, 1976.
[39] W Kabsch. A discussion of the solution for the best rotation to relate two sets of vectors. Acta
Crystallographica Section A: Crystal Physics, 34:827–828, 1978.
[40] L E Kavraki. Optimal alignment for lRMSD using rotation matrices.
http://cnx.org/content/m11608/1.23/, june 2007.
